The surface growth strains and the distribution of internal stresses in woody palms, coconut (Cocos nucifera L.), were determined by measuring the strains released by the kerf method using strain gauges. Measurements of the surface strains showed that longitudinal tensile stresses existed at the cortex, while longitudinal compressive stresses existed at the periphery of the central cylinder. These stresses may be generated from the fibers located in the scattered fiber and vascular bundles. In the central cylinder of narrow and wide trunks, both positive and negative stresses were observed, indicating the existence of some tensile and compressive stresses in the trunks. The amount of stress varied from base to top and from periphery to core because of the variation in proportion of the vascular bundles and the fibers, and the cell wall layers of fibers along these points. Furthermore, changes in the angle of vascular bundles and of the fiber microfibrils were correlated with the various tensile and compressive stresses located in the central cylinder of the trunks.
INTRODUCTION
The accumulation of growth stresses in woody plants is an unavoidable result of physiological adjustment during growth (Niklas 1992; Mattheck & Kubler 1995) . In response to heterogeneous growth stresses at the surface of the trunk, specific patterns of residual stresses are formed in the longitudinal, radial and tangential directions inside the trunk (Archer & Bynes 1974; Kubler 1987; Fournier et al. 1990 ). During normal secondary growth in softwood and hardwood trees, vascular cambiums form xylem cells inwards and phloem cells outwards and the growth stresses accumulate year by year and form a regular distribution of the stresses. As a result, tensile stresses are formed in the outer 1) Department of Life Science, National Taiwan University, Roosevelt Road, Section 4, Taipei, Taiwan 106. 2) Division of Forest Utilization, Taiwan Forestry Research Institute, 53 Nan-Hai Road, Taipei, Taiwan 100. 3) College of Bioresources and Agriculture, Experimental Forest, National Taiwan University, Chien-Shan Road, Section 1, Chu-Shan, Nan-Tou, Taiwan 557. *) Corresponding author: Dr. Yan-San Huang [E-mail: linglong@ntu.edu.tw] .
Associate Editor: Barbara Gartner part and compressive stresses in the inner part of a trunk, yielding a V-shaped stress distribution (Boyd, 1972; Yamamoto et al. 1991) .
Previous studies have indicated that the production of stress was influenced by anatomical characteristics of the tissues, such as the microfibril angle of fibers, the degree of crystallinity of cells, and the lignin content of cell walls. The lignin-swelling hypothesis (Boyd 1972 ) and the cellulose-tension hypothesis (Bamber 1978) emerged to explain the initiation of growth stresses. However, these two hypotheses cannot explain both the growth stress of compression wood and the tensile stresses of normal and tension wood. Okuyama et al. (1986) combined the above-mentioned hypotheses as the unified hypothesis which could be applied to both normal and reaction wood. However, whether these hypotheses are applicable in monocotyledonous woody plants is still unknown.
The pattern of lateral thickening in monocotyledons is not understood as well as that in dicotyledons, partly because of the large variation of patterns within monocotyledons. Palm trees lack a lateral vascular cambium and do not increase stem diameter by division of cambium cells, unlike dicotyledonous, coniferous and certain other arborescent monocotyledonous trees (Tomlinson & Zimmermann 1967) . In the trunk of monocots, vascular bundles are scattered in the ground tissue to form an atactostele. This pattern is very different from the secondary growth of softwood and hardwood in which the growth stresses originate and accumulate from the process of lignification of newly formed xylem cells interior to the cambium. The measurement of growth stress of rattans (climbing palms; Abasolo et al. 1999) indicated that the distribution of growth stress was similar to that in the compression wood of conifers.
In palm trees, the internal growth stresses are initially set up when the tissues are produced but they change with the maturation of cells and tissues during secondary thickening. In our first report on palms (Huang et al. 2002) , we showed that tensile stress existed longitudinally on the surface of vertically growing trunks, whereas compression stress was found at the bending position of leaning trunks. In the current work, the anatomical characteristics were studied of one narrow and several wide trunks, from base to top, and from periphery to core. We investigated proportions of vascular bundles and fibers, secondary wall layers of fibers, the angles of vascular bundles, and microfibril angles of the fiber cells. In addition to the anatomic characteristics, measurements were also made on the surface growth strains on cortex and periphery of the central cylinder, and the released growth strains inside the trunks.
MATERIALS AND METHODS
For this study, 20-to 25-year-old coconut trees (Cocos nucifera L.), growing in Hengchun (120° 49' E, 21° 57' N, elevation 230 m), Taiwan, were selected. These trees were chosen to have a range of stem with different diameters at breast height (DBH, 21.5 to 44.5 cm) and roughly erectly growing trunks. The surface growth strains were measured following the procedures as in Huang et al. (2002) . Strain gauges (10 mm long) were glued with cyanoacrylate adhesive in longitudinal and transverse directions on the cortex (36 trees) and on the periphery of the central cylinder (55 trees), all at breast height. With respect to the measurement of released surface growth strain, after calibrating the strain gauges to zero, the surface growth strain was released by the kerf method (Sasaki et al. 1978) .
The released internal growth strains were measured at three heights on one narrow and one wide tree. The narrow tree was about 6 m in height and had diameters of 28.3, 23.5 and 22.5 cm at heights of 0.7, 2.83 and 4.91 m, respectively. The wide tree was about 6.5 m in height with diameters of 34.5, 30 and 27 cm at heights of 1.5, 3.45 and 5.45 m, respectively. In order to measure the internal growth strain at the three heights of these two trees, strain gauges were glued in the longitudinal direction along the diameter of each diametrical plank at intervals of 1.5 cm. A diametrical plank is a radial board, 30 cm tall and 2 cm thick, and is made in the center portion of a log, 1.5 m long, with two ends still attached to the log (Huang et. al. 2002) . The strain was measured as soon as the trunk was felled. To get the data of released growth stress, static bending modulus of elasticity (MOE) of the corresponding specimens was measured. The size of each specimen was 1 × 1 × 16 cm. The growth stress was then calculated by multiplying the strain by the MOE. Specific gravity (oven-dry weight/green volume) of each internal strain-measured specimen was measured to show the within-trunk variation patterns. Besides, the density of vascular bundles (number/mm 2 ) of each specimen was also examined under the dissecting microscope. During preparation, samples were wrapped in plastic and stored at 4° to keep for a short period.
Using free-hand sectioning or a sliding microtome, 25-45 μm thick cross sections were made from each of the internal strain-measured samples. For counting the secondary cell wall layers of fibers, sections were prepared for scanning electron microscopy (Cho et al. 2001) . Fifty measurements of cell wall layers were counted on every sampling point. For measuring the diameters of vascular bundles and percentages of vascular bundle and fiber areas, the sections were stained with safranin O and fast green and then mounted on glass slides. The Image-Pro-Plus Analyzer was used for the measurements. Fifteen to sixty measurements were taken on every sampling point.
The angle of vascular bundles to the axis of the trunk was measured from the radial face of each of the internal strain-measured sample at basal trunk position. For each sample, twelve measurements were taken. The microfibril angle (MFA) of fibers was determined on the 25-35 μm thick tangential sections made from each of the internal strain-measured sample at basal trunk position and the surface strain-measured sample from the periphery of the central cylinder at breast height of the trunks. The sections were stained with 2% iodine solution for 1 min and observed at 60% nitric acid (Huang et al. 1997) . For each sampling point, MFA of 50 fibers were measured.
RESULTS AND DISCUSSION

Anatomical characteristics
In coconut palm (Cocos nucifera), the major anatomical character of the trunk is the numerous vascular bundles scattering inside the ground tissue (Fig. 1a) . The diameter of vascular bundles decreases not only from the base to the top but also from the core to the periphery (Fig. 1b-d & Table 1 ). The density of vascular bundles increases from the core to the periphery and from the base to the top (Fig. 2a, b) . The percentages of vascular bundle areas and fiber areas are significantly higher in the outer parts than in the inner parts of the central cylinder (Table 1) .
The numbers of secondary wall layers in the fiber cells of the wide trunk ( narrow trunk (Fig. 3a, b) . Fibers have the ability to produce additional cell wall layers as they mature because they live throughout the life cycle of the palm (Tomlinson 1990 ). The addition of new secondary wall layers on fiber cells contributes to the stiffness and density of the palm trunk (Bhat et al. 1990 ). The angles of vascular bundles with respect to the trunk axis were measured through the central cylinders of the basal diametrical planks (Fig. 4a-c) . At the basal position of both the narrow and wide trunks, the angles of vascular bundles fluctuated centripetally. In the basal part of the narrow trunk, the averages of microfibril angles (MFA) in the tangential surface of the individual fiber (Fig. 4d, g ) ranged from 14° to 38°, whereas in the wide trunk (Fig. 4e , f, h), they ranged from 18° to 32°. For both the narrow and wide trunks, the angles at the cortex were above 30°, and then the angles fluctuated centripetally.
Density and static bending modulus of elasticity (MOE) distribution
The distribution of dry densities (specific gravities) of the narrow and wide trunks at all the three heights was lowest on the cortex and the inner parts of the central cylinder (Fig. 2c, d ).
In general, the densities were highest at the basal part. The lowest densities, about 0.1-0.2 g/cm 3 , were found in the inner part of the cylinder at all three heights. Density of wood is an excellent predictor of many mechanical properties of wood (Wangaard & Muschler 1952; Rich 1987) . The average density was 0.17 ± 0.04 g/cm 3 (ranged from 0.10 to 0.32 g/cm 3 ) in the wider trunk and 0.26 ± 0.08 g/cm 3 (ranged from 0.15 to 0.49 g/cm 3 ) in the narrow trunk. Because the strength of wood increases with increasing density (Kollmann & Côté Jr. 1968) , the narrow trunk can get the mechanical support from the greater wood strength. Bending modulus of elasticity (MOE) increased from the cortex to the periphery of the central cylinder and then decreased to the center of the central cylinder as well as from the base to the top (Fig. 2e, f) . This observation is consistent with findings on six species of arborescent palms (Rich 1987) . The greater elasticity on the outer part of the central cylinder than on the inner one will provide greater stiffness, and prevent the breakage of the trunk due to external forces such as wind.
Surface growth strain of trunk
Surface longitudinal and transverse growth strains were measured on the outside of the cortex and the central cylinder of the trunks with the range of stem diameters (Fig. 5) . Similar to our first report on Cocos (Huang et al. 2002) , the longitudinal and transverse surface growth strains on the outside of the cortex were mostly negative, indicating the existence of tensile stress (Fig. 5a ). Fewer than 10% of the data (only four in the longitudinal direction and three in the transverse direction) were positive strains (between 44 × 10 -6 and 577 × 10 -6 ). Although these positive strains were mostly from the narrower trunks, there was no significant relationship between growth strain and diameter (one-way analysis of variance). The average longitudinal and transverse growth strains on the cortex were -645 × 10 -6 and -392 × 10 -6 , respectively. The cortex of the coconut palm trunk has similar released growth strains as the inner bark of dicotyledonous and coniferous trees (Okuyama et al. 1981 ). However, their structure and growth are very dissimilar. On the periphery of the central cylinder of palm trunks, all the released longitudinal growth strains were positive (Fig. 5b) , indicating compression stress. Most of the growth strains in transverse directions were negative, indicating tensile stress. However, owing to the different signs of longitudinal and transverse strains, compressive stress may occur in some cases after consideration of the effect of Poissonʼs ratio . Longitudinal surface strains varied significantly with transverse surface strains (ANOVA, Fig. 5c ). This result is quite different from the cases of softwood and hardwood. Nevertheless, the anatomical structure and the longitudinal compressive growth stresses on the peripheral central cylinder of the palm trunks are similar to those on the periphery of rattan canes (Abasolo et al. 1999 ).
Distribution of internal growth strains and stresses
The longitudinal internal growth strains and stresses of the narrow and wide trunks at basal, middle and top positions are presented in Figure 6 . The growth strain or stress (black symbols) indicate the strain or stress position located directly beneath the thin periderm and within the cortex. For both the wide and narrow trunks, the growth stresses at the basal and middle heights were mostly positive, indicating the existence of longitudinal tensile stresses at the cortical tissue of the trunk. However, the cortical growth stresses in the top parts of both narrow and wide trunks were negative, indicating the existence of longitudinal compressive stresses.
The internal growth strains and stresses of the central cylinder (open symbols) were calculated along the diameter of each diametrical plank at intervals of 1.5 cm. Besides the basal part of the narrow palm, the growth stresses in the periphery of the outer part of the central cylinder were all negative, indicating the existence of compressive stress. The growth stress on the periphery of the central cylinder of the coconut palm trees resembled the compression wood of conifers. A similar finding was reported for rattan (Abasolo et al. 1999 ). In the inner part of the central cylinder, although there is mostly tensile stress, some compressive stresses were found. The values of the internal growth stresses generally increased from negative to positive and then decreased to around zero or to some negative, centripetally. The influence of the height of the stem on the amount of stress was not distinct in palm as opposed to the observation of Yao (1979) and Chafe (1985) on several dicotyledonous tree species. In our first work on Cocos, the internal growth strains were studied only at the middle position of the trunk (Huang et al. 2002) and the measurements only had a slight variance. In the current study, the distribution of internal growth strains and stresses showed more complicated patterns somewhat related to the palm heights. At different heights, especially at the basal position of the narrow trunk, the internal growth strains and stresses showed positive patterns because they were highly related.
The complicated wavy form of internal growth stress distribution may partly result from the short internode of the trunks and the continual production of secondary cell wall layers during the palm tree growth. During fiber cell maturation, the secondary cell wall layers continue to accumulate in the cell wall, and the growth stresses may change.
There is a close relationship between the sample growth stresses of the trees and the fiber MFA. According to the measurements of surface strains in Cryptomeria japonica, Yamamoto et al. (1988 Yamamoto et al. ( , 1991 showed that where MFA is small, the longitudinal released microstrain is negative; otherwise, where MFA is large, the growth strains are positive. Based on the unified hypothesis, Guitard et al. (1999) applied the mechanical model to discuss the relationship between the growth strains and MFA. They calculated the critical MFA, at which the longitudinal growth strains changed from the negative to the positive values, at about 20-30°. In Cocos the average of MFA of the individual fiber (n = 300) in the peripheral central cylinder was 30.6 ± 3.1°, which can explain the result of the compressive growth stress on the peripheral of the central cylinder.
The effects of angles of vascular bundles (macrostructure effects) and MFA in the fiber secondary cell wall (microstructure effects) on the growth stresses could act similar to the effects of angle of the treeʼs grain on the growth strains and stresses in hardwood and softwood trees (Archer 1987) .
The distribution of internal growth stresses in woody palm trees is not as regular as in softwoods or hardwoods. In palm trees, the internal growth stresses at the same cross section of the trunk are initiated simultaneously; however, they change continuously thereafter with the maturation of cells and tissues during secondary thickening. In the central cylinder of palms, the vascular bundles are distributed sporadically and the maturation of cells and tissues is also diffuse. There is a balancing of the growth stresses in the ground tissue and the other cells nearby. At different positions of trunks (top, middle and base), the pattern of cell composition and distribution in the central cylinder were similar, but there were different proportions of the vascular bundles and fiber areas, and the internal growth stresses generated a different balance or adjustment above and below the zero line.
